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We discuss the properties of nitrogen impurities inside tetrahedral amorphous darlibrn contrast to
previous studies on this subject, we have incorporated the N atoms in the disordered structure during evolution
of the amorphous system, which is studied by simulated annealing of a high-temperature carbon-nitrogen phase
at various N concentrations between 3 and 11 at. %. We find two- and threefold coordinated nohtsipgsg
that become stabilized by saturation of lone pair orbitals. These configurations appear to be isoenergetic with
other local geometries, which potentially could act as dopants. The latter aresgifdleonded nitrogen atoms
with two o-single and oner-double bond to next-nearest neighborsspf-hybridized atoms, which develop
four o-single bonds. Doping through these configurations is too difficult to control and should have a low
efficiency, since the donated extra electrons can easily migrate to rerimiaded clusters in the carbon host
matrix. Increasing dopant concentration promotes the formation and growth of such clusters which counteracts
the desired doping behavidiS0163-18209)02339-3

I. INTRODUCTION achieved is, however, controversial. Veerasanﬂyal.m

claimed success using both phosphorus and nitrogen atoms

The outstanding chemical, mechanical, and electroni@s dopants, and they observed a pronounced increase of the
properties of tetrahedrally bonded carbon material suggestonductivity together with a transition from intrinsgetype
possible applications in electronic devices that could operat® n-type behavior for their arc-deposited material. In con-
under harsh environmental conditions. Considerable expertrast, Ronninget al? attribute similar observations for their
mental efforts in fabricating such carbon thin films aimed tota-C films prepared by ion-beam deposition to hopping trans-
achieve high-electronic quality comparable to the natural alport via localized states at the Fermi energy rather than to
lotrope diamond, i.e., material with large band gaps, steepransport caused by excitation of doping levels.
band edges, and lowest defect concentrations. Such a systemAt lowest doping concentrations<l at% the dominant
would be promising to remove some of the problems curtetrahedrak p®-bonded network is believed to remain intact
rently associated with the technological application of dia-while heavily doped material shows a pronounced increase
mond. Despite the world-wide success in growing chemicabf the sp?-carbon content>'® As a result ther-clusters in-
vapor deposition diamond films, the success when trying tgide the network tend to become larger. Ther* -gap de-
dope diamond-type is rather limited. Substitutional nitro- creases and the doping quality of tkeC films becomes
gen produces a donor level in natural diamond 1.7 eV beloweduced.
the conduction bantifoo deep in the gap for practical pur-  The extreme limit of very large nitrogen content is the
poses. Phosphorus is less soluble and frequently deactivatathorphous carbon nitride structure, which is found when
by vacanciesso that its doping efficiency is restricted, too. attempting to deposisee Ref. 16 and references theyéire

A dense amorphous structure known as the highly tetraproposed hypothetical #8, crystalline phasé’ The amor-
hedral amorphous carbon pha&eC) (Ref. 3 has been con- phous carbon nitride system typically shows a mass density,
sidered as an alternative material to solve the doping probwhich compared to an analogotzsC film with low-nitrogen
lem in carbon while showing similar physical properties asconcentration is significantly reduced by about 30%. A the-
diamond itself. Electronically, the disordered material isoretical study of this systeth showed in agreement with
characterized by very larg€ to 3 eV) and direct band experiments that the number of carbon atoms in a local con-
gapé~°and thus has prospects for bathandp-type doping.  figuration that deviates substantially from diamondlike four-

The outstanding physical propertiestafC arise from the  fold coordination is largely dependent on the nitrogen con-
predominance of up to 80%p>-hybridized atoms, which tent. The stiffness of the network becomes drastically
locally maintain a diamondlike fourfold coordinated configu- reduced with increasingl content due to a breakdown of
ration. The reduction of the band gap compared to diamondross links between carbon atoms and the occurrence of em-
is a consequence of the remaining lower coordinated atom$eddedN-terminated chain segments.
which almost exclusively take part within isolated small  The reduction of thep® fraction already at small N con-
mbonded clusters orsp?-bonded dimers inside the centrations irta-C and the experimentally observed low dop-
material’® Such clusters introduce additionat{=*) states ing efficiency requires a more fundamental atomistic under-
with energies in the fundamental gap region of thes™ standing. Although changes in conductivity of the material
states made up by the diamondlike matrix. Therefore, thaeem to be correlated with the nitrogen content and, hence,
band gap width is about 40 to 60% that of diamond. Acould possibly be controlled, there is still an uncertainty con-
variety of experiments have been performed to degg€  cerning the doping and the conduction mechanisms.
with N.%-1* Whether efficient doping has really been Recent theoretical investigations using density-functional-
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based molecular dynami({@F-MD) have shed some light II. SUMMARY OF SUBSTITUTIONAL INVESTIGATIONS
into the possible N-doping configurations withirteaC ma- For the decoration studi#sve have used a model struc-

trix. The properties of N impurities substituted into existing ture forta-C which had been carefully annealed starting from
models of amorphous carbon have been reported by Stumm

et al.” using the multicenter &b initio” tight-binding tech- a h|gh—temp_er.ature liquidiike sFate. The r_nodgl had S"’”""’V
) ) 3 . . binding statistics as those previously studied in great detail
nigue and Sitchetal® using the two-center density-

functional-based tight-bindin@®FTB) method. Both studies but was particularly interesting since it d'q not show. any
. . .. deep carbon defect level after the annealing, which is the
agree, that ina-C a potential acceptor or donor level is in

strong competition with bonding and antibonding states aS[eqmred defect density for the size of the modk28 atoms

sociated with the m-orbital overlap between threefold- structure.
coordinated carbon atoms. Such atoms form even membere The ta-C structure without the carbon defect states is

1 *
m-bonded clusters of small size, preferably dimers that elect aracterized by very steep band edges, narroand

tronically are isolated within the otherwise fourfold coordi- Pands, and a large band gap of about 2.4 eV. We substituted

nated matrix. The size distribution of such clusters togetheP°th Poron and nitrogen for various sites of the amorphous
with strain effects cause the associated electrangtates to  Matrix. Finally, we annealed the structures for 2 ps at a con-
form broad bands with long tails within the-o* gap of the stant temperature of 1000 K and relaxed the very last
host network. In these early doping models, the tails ofithe Molecular-dynamics configuration using a conjugate gradient
bands range to energies where potential acceptor and dontgichnique to obtain a forcefree metastable model.

levels should appear. It has been observed that the injected We observed that the most stable site for the N atom is a
hole or electron as a consequence migrates to either an ostretchedsp® site. The longest bond broke during post relax-
cupied high-energyr or an unoccupied low-energy* level  ation, which left the N atom threefold coordinated with dis-
of the carbon matrix, respectively. This induces substantialorted o bonds of lengths 1.57, 1.53, and 1.48 A and a lone
relaxation at the associatetlcluster and the Fermi level is pair of electrons, as indicated by a Mulliken charge analysis.
frequently pinned at a partially filled, localized deep carbonConnected with this we found a migration of charge from the
state. In such a situation conductivity should be possible onlyewly created threefold coordinated nearest-neighbor C atom
through variable range hoppifid? to a cluster nearby in the amorphous matrix occupying the

Full self-consistent field calculations have been reportedowest availabler* state. This caused considerable relax-
subsequently based upon density-functional thédmyhich  ation of atoms in thisr cluster moving the singly occupied
basically support the mentioned tight-binding findings. Thestate towards midgap where it pinned the Fermi energy 0.6
picture obtained in all of the studies, however, rests upon theV above ther valence band top.
assumption that the connectivity of the amorphous host net- In addition, a relatively undistortedp® site was deter-
work is not remarkably altered by the substitutional impuritymined to be metastable with an energy of incorporation for
so that there is only little local relaxation in its neighbor- the N atom being 0.54 eV higher than that of the minimum
hood. A systematic study of higher doping concentrations ienergy cluster mentioned above. There, the N atom remained
difficult within a decoration technique due to the unknownfourfold coordinated and fullyp® bonded with back bond
spatial distribution of the impurities and the overall structurallengths 1.46, 1.54, 1.47, and 1.42 A. We recognized that in
changes that are induced during growth. this case charge migrates from the N atom to remotdus-

In this paper, we report on the generation of nitrogenateders to stabilize this configuration. The resultant localized
amorphous carbon models by the same simulated annealinmartially filled defect level appeared 0.7 eV above the
techniques previously used to successfully model amorphousalence-band top.
carbon systems at various mass denditissmolecular dy- Substitution for asr-bonded carbon site was found to be
namics. This methodology allows the nitrogen atoms to findunstable, the N atom spontaneously broke theéond and
the preferred bonding configurations and distributions in th@ransformed into the electronically saturated threefeld
network during the evolution of the structure starting from abonded plus lone pair N site. As a consequence, the unsatur-
high-temperature phase. The properties of the models wilated electron left at the former neighbor now was able to
then depend on the mass density, the atom concentrationsjgrate and caused structural relaxations 4n clusters
and the annealing rate. nearby.

The paper is organized as follows. We first briefly review As mentioned above, the doping studies described so far
our results obtained by model decoration with nitrogen inare based upon substitutional modifications of a pre-existing
Sec. II. In Sec. lll, we explicitly describe the modeling tech- model structure of tetrahedral amorphous carbon. This might
niques used for this study and discuss the results in companiot have given a true overall picture of the doping situation.
son to the previous investigations in Sec. IV. We find thatin order to remove unphysical bias from the former results in
various nitrogen bonding configurations coexist in the mateparticular with respect to local dopant bonding and to make a
rial. We show that one of them, which previously has beerbetter link to experiments where dopants are incorporated
discarded based on the energetics in decoration studies during growth of the amorphous films it is desirable to care-
reality appears to be the most likely local geometry. Wefully study the full evolution of nitrogenateth-C models in
identify doping situations on a local scale but need to condependence on the doping concentration. This should reduce
clude in Sec. V that these are rendered unimportant for thencertainties concerning the occurance and relative stability
total system on the same grounds of overlap between thef particular local configurations.
dopant levels and the band tails of carbef#i orbitals as As mentioned above, typical relaxation processes in post-
found during the decoration studies. substitution studies envolve charge migration to remote car-
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bon 7 clusters. It is an open question if such states really are T
accessable when the charge is present during evolution of thi
carbon host network. Usually, carbon during dynamic forma-
tion tends to completely avoid the creation of partially filled

defect states and it may be therefore possible that the whole

(N-content)

matrix differs significantly from the decoration investiga- (0.0 %)
tions in order to screen the injected charge.
Based upon the recent MD studies of structure formation—
in high-density carbon nitrides @8, ,*® we also expect that  E |, o . F .
threefold coordinated nitrogen atoms that form a strang . Y | ) (11.1 %)
bond to one of th&c-neighbors will become stabilized rather "‘% '
than destabilized as the substitution studies suggest. Finally,
it is unclear whether twofold coordinated nitrogen atoms do & (33.3 %)
exist for low N concentrations, too, and if they would sig- =
nificantly change the global picture concerningype dop- §
ing obtained so far. <
| =
(57.1 %)

I1l. MODELLING TECHNIQUES

We have generated seveaC:N models at a fixed mass
density of 3.0 g/crh with N-fractions between 3 and 11
at. %. Usingl'-point Brillouin-zone sampling for total energy
calculations in sufficiently large three-dimensional periodic , EENES——
supercells the interatomic forces are obtained by means o 1.0 2.0 3.0 4.0 5.0
the DFTB schemé®?! This method has been shown to be radial distance [A]
transferable to systems of various type and scale and suc-
cessful in modeling heteroatom interactions with C, H, B, FIG. 1. The Radial distribution function of amorphous models at
and N, toc® 1822 any case, we started from a random atom3'o g/crﬁ‘ for various N concentrations reveals a decrease of the

distribution representing a high-temperature phase of thgoordination numbefarea of first peakand the occurrence of a
given stoichiometry and density distinct feature at a correlation length of about 3 A with increasing

At first, the models were equilibrated by NVT molecular nitrogen content.

dynamics for 0.5 ps at 8000 K. Low-energy amorphousihe nitrogenfreeta-C model and a system, which already
structures were then obtained by simulated annealing teontains 11 at. % N are quite small. In this case, the partial
room temperature with a cooling rate of 3850 K/ps. Thec.c correlation contributes to the full distribution function
models were then equilibrated again at 300 K for another by ahout 97%. Hence, static properties of material with low-
ps and no significant further changes of the structure werggpant concentration are expected to be very similar to those
observed. The last molecular-dynamics snapshot structurgg pureta-C. Further increasing the nitrogen content causes
were finally post relaxed by a conjugate gradient algorithmhe position of the first peak of the RDF to shift to shorter
to establish representative local minima of the energy landeorrelation lengths. This indicates that the average bond
scape for each given nitrogen content. lengths in the amorphous structure becomes reduced. A simi-
lar significant shift of the peak position to shorter distances is
IV. STRUCTURE AND ELECTRONIC PROPERTIES OF N- observed_ fo_r th_e second major peaks, Which mostly depend
DOPED TA-C on the distribution of second nearest neighbors. These are
frequently associated with a decrease of the average bond
In Fig. 1, we compare total reduced radial distributionlength and/or bond angle. Such an interpretation neglects,
functions(RDF) for neutron scattering of a pute-C model,  however, that correlations between third and fourth neigh-
which has been shown to coincide with experimental Hatabors can significantly influence the RDF of this region.
and of nitrogenated amorphous carbon models. Here, the N It is worth noting that the C-C partial correlation becomes
concentrations range from the highest content considered feiramatically changed with large nitrogen content indicating
the electronic part of this doping study to a concentrationthe breakdown of the carbon host matrix. We particularly
which would be equivalent to the hypothetical crystallinewant to stress a fingerprint subpeak at about 3 A, which
C;3N, phase at the mass density 3.0 g/tm. increases when the nitrogen content is getting larger. By ana-
The functions shown are the Fourier transforms of thelyzing the RDF’s with respect to the hybridization type of
interference functionsF(Q)=QX[S(Q)—1], which in  atoms we find the correlations of this particular distance su-
scattering experiments are derived from the respective stru@erposed by a variety of contributions.
ture factorsS(Q) of systems under consideration. They have For a more detailed analysis, we follow Stephetral®
been convoluted by Gaussians of finite width to reduce noisand determine the hybrid fractions of incorporated C and N
and to simulate experimental broadening. atoms individually. Within this analysisp™ (m=1,2,3) de-
The figure contains the partial carbon-carbon correlatiomotes atoms that appear to be coordinated in an idealized
functions (dotted line$, which contribute to the total distri- manner so that the local electronic density of states is very
bution function. It shows that structural differences betweersimilar to analogous atoms in perfectly hybridized reference




PRB 60 MOLECULAR-DYNAMICS STUDY OF NITROGEN. . .. 10 867

TABLE I. Hybrid fractions of carbon atoms. TABLE Ill. Average numbers of atoms in the neighborhood of
i-type atomsk;; .
N content  sp' sp sp’ spitx) sp2+x)
[at. % [%] [%] [%] [%] [%] N content
0.0 00 203 695 0.8 9.4 Lot %4 kec Ken Knc Knw
3.0 0.0 29.7 58.6 1.6 9.4 0.0 3.69
5.9 0.0 25.8 61.7 0.8 11.7 3.0 3.48 0.09 2.75 0.00
7.2 0.0 32.8 53.9 3.1 9.4 5.9 3.42 0.19 3.00 0.00
8.6 0.0 36.7 51.6 3.1 8.6 7.2 3.27 0.23 2.90 0.00
9.9 0.0 33.6 49.2 4.7 12,5 8.6 3.22 0.27 2.83 0.00
111 0.0 46.1 40.6 3.1 10.2 9.9 3.11 0.34 3.07 0.00
33.3 2.1 52.1 33.3 2.1 8.3 111 3.00 0.38 3.00 0.00
57.1 5.0 53.3 23.3 0.0 5.0 33.3 2.02 1.23 2.46 0.00
57.1 0.63 2.28 1.71 0.03

systems such as crystals. In contrapt! ) or sp®* ¥ indi- 47 95, see Table I. Hu, Yang, and Liebeduring electron

cate substantial deviation from the ideal hybrid geometryenergy loss spectroscopy measurements have recently iden-
The full hybrid statistics for carbon and nitrogen atoms arjfied a very similar nitrogen induced transformation of the
summerized in Tables | and II, respectively. Note that atomgarhon hybrids. In their systematic study of nitrogen incor-
that terminate paths in the network are not listed in thesoration into films obtained by pulsed laser deposition they

tables. s 4 . _ . found that above 20 at. % nitrogen almost no carbon atom is
The sp’-sp’, sp’-sp?, sp>-sp? correlations exclusively |eft in an sp®-bonded state. There, however, the density of

determine the RDF for nitrogen-free models without defecte fiims decreased significantly during nitrogen incorpora-
states. Increasing the nitrogen content ren(jer;slm)ese CONtflon to facilitate such a strong effect. In our study, the density
butions less important while correlations wislp™"™ and s kept constant for all models that hinders a further decrease
sp®™ type of atoms become dominating. This is particu-in carbonsp® content.

larly the case for the fingerprint region and clearly expresses The trends for the nitrogen atoms are less clear. However,
the capability of nitrogen atoms to favor low atom coordina-when the nitrogen concentration is very low or very large it
tion and chainlike features in the structures. The partial C-Gg unlikely to find N atoms with four neighbors &p*-type
correlation function where the area under the first peak is @onfigurations. This appears to be different for moderate N
measure of the carbon-carbon coordination number is drgsgncentrations. A large number sp@¥-type configura-
matically requced for very large nitrogen content. Accordingtions indicates the existence of threefold coordinated nitro-
to Table Isp™-type carbon atoms only occur for very latye  gen with a considerable deviation from an ideal hybrid ge-
content, which agrees with experimental observations bl‘)metry. Such species dissapear for more than 50 at.%

23 .
Zhanget al’ _ nitrogen where N atoms seem to prefesg? or sp**
Concerning structures with moderate and Ibcontent configuration or terminate chains in the network.

we find no such carbon species. This supports the experi- Tapje |I| details the coordination numbers for the various
mental findings by Hu, Yang, and LieBBrusing infrared  bond partners in the models. The table supports the observed
spectroscopy. However, for all systems investigated aroungtends already found in analyzing the RDF’s that the carbon-
3% of the carbon atoms occur in a distorted®*™ and  carbon coordination becomes reduced when the nitrogen
about 10% in asp®*® configuration. While the amount of content increases. Note, however, that the total carbon coor-
well relaxeds p?-type carbon atoms increases with nitrogendination remains almost constant for lower nitrogen concen-
content from about 20 to 46 % the numbersgf®-like car-  trations. What is surprising here, is, that nitrogen atoms
bons decreases by nearly the same rate from about 70 tbearly avoid to bond with each other.

Such an observation would be hard to infer from a deco-

TABLE II. Hybrid fractions of nitrogen atoms. ration of_existirjg models and shows the impor.tance of t.he
present investigation as compared with previous studies.
N content sp sp? sp? spitto spe+) Also, for low-nitrogen concentratioN-atoms are surrounded
[at. %] (%] (%] (%] (%] (%] by three carbon atoms on average. Considering the large
numbers ofsp?- andspt?"¥-type of N atoms this indicates
0.0 0.0 0.0 0.0 0.0 0.0 that nitrogen atoms prefer perfect isolation within the host
5.9 0.0 50.0 25.0 25.0 0.0 In the following we concentrate on the electronic conse-
7.2 0.0 40.0 10.0 20.0 30.0 quences of the structural properties summarized in the
8.6 0.0 25.0 16.7 33.3 25.0 Tables I, Il, and Ill. In connection with applications in elec-
9.9 0.0 64.3 14.3 7.1 14.3  tronics the various local configurations at the N sites need to
11.1 0.0 62.5 125 125 125 be categorized according to their potential for doping. We
33.3 2.1 33.3 0.0 39.6 18.8  can subdivide the local structures into configurations that
57.1 25 12.5 0.0 45.0 3.8 electronically represent fully saturated and, hence, nondop-

ing states and those with possible doping states. The first
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group contains N atoms that are either markspaf®™ ; '
bonded such that nitrogen is threefold coordinatesipt ™ L0.02
bonded so that N is twofold coordinated both with substan-
tial deviations from respective optimal hybrid geometries. _
Nitrogen in ansp®™™ configuration typically forms three -0.01 §
single o bonds to the carbon neighbors with bond lengths 5
that are almost identicghround 1.45A. This would be true as
for sp? hybrids, too. Appreciable distortions of the local 0.00 ~
structure are due to a nonplanar bonding arrangement with L 0.02 %
gradual transition tep* character. In an ordinary tetrahedral %,
semiconductor this would cause partially filled defect states )
to appear at midgap. Loot 8
In theta-C:N system it is possible to stabilize these local =
configuration by saturating the associated nitrogen level un-
der creation of a lone-pair electron state that lies at the , , \ 0.00
valence-band edge. In this configuration the extra electror —20.0 -10.0 0.0 10.0

injected by the nitrogen atom is completely deactivated by Energy [eV]
the special arrangement of the N site in the carbon host.

In contrast, Nsp*** atoms form two bonds to their two e > =F _ )
carbon neighbors, which can be very different with respect tédashed contributions for representative nitrogen impuritiptack)

the bond lenaths. In the maioritv of cases one of the twa" nondoping lone-pair configurations. The bonding environment of
bonds is a siggle}- and the o]the?/a typicat-double bond carbon(dark and nitrogen(light) neighbors leaves no defects in the

with respective lengths of about 1.45 and 1.30 A. This Iocall‘DOS gap regon-
structure saturates three electrons associated with the nitrgtrongp character due to overlapping atomic orbitals close to
gen center and is then stabilized by the creation of a lonethe N atom. This molecular orbital might turn intorabond
pair state in order to screen the extra charge. In very rarg the alternate occupation scheme as a result of an excitation
occasions the matrix can prevent the creation of the wellon the cost of loosing one of the lone-pair electrons for a
relaxedw-double bond between the impurity and the neigh-partially filled deep defect level. In our calculations, how-
bors. Then the local configuration tends to have tmoonds  ever, the ground states of the structures with low- and
both with partial = contributions. Such bonds have almost moderate-N content seem to be characterized by gain of
equal length of about 1.40 A and saturate four electrons. Theome energy as a result of avoiding such partially filkled
remaining nitrogen electron captures another electron frombonds in favor of saturated lone-pair electron orbitals.
available higher levels and again establishes a lone-pair state. In conclusion, we can clearly identify local bonding con-
In either case the lone-pair electrons electrostatically repefigurations in which nitrogen forms lone-pair electrons such
the bonding electrons, which causes the substantial distortiofhat associated molecular orbitals are completely saturated
of the hybrid geometry. The lone-pair orbitals are localizedand where the nitrogen extra electrons are, hence, totally
at the impurities and the associated charge distributiorieactivated. Therefore, these cannot contributentype
reaches into empty regions in the surrounding network. Figdoping inta-C. In contrast to the previous decoration studies
ure 2 shows the local electronic density of staleBOS) at  we have little evidence for the proposed deep state due to a
N atoms representative for the two major bonding situationgarbon dangling bond adjacent to the nitrogen impurity. This
discussed above for the model with 6 at. % nitrogen inside.result was biased by the simulation scheme and caused by
The figures show that fasp™**¥)-bonded nitrogen atoms incomplete relaxation of the impurity and its neighbors in the
the Fermi energy lies midgap between valencand 7* pre-existing carbon matrix. The energetically unfavourable
bands, which are primarily generated by the surrounding carsituation occurred there because of bond breaking induced
bon material. This is comparable with the common nondopedy the post substitution of an N atom in a local surrounding,
ta-C groundstate and, therefore, less important for electronigvhich in reality would not exist.
applications. For completeness we note that in reality un- Next, we consider the remaining nitrogen atoms with lo-
dopedta-C structures are found to be intrinsicafiytype®  cal structures, which should have potential for doping and
which arises from localized carbon defect states pinning there not easily deactivated by appropriate relaxation of the
Fermi level a little below midgap. impurity itself. Such configurations are expected at sites with
Nitrogen sites withsp>*® character appear to enhance almost ideals p?- andsp*-hybrid geometry.
such a trend. The Fermi energy of the full system is very Thesp® type N’s have four almost equivalentbonds to
close to the LDOS valence-band edge for these species. Thieir C neighbors with bond lengths in the region of 1.43 to
ground state has two electrons in a lone-pair level and threg.53 A. The local structure is typical for tetrahedral bonding.
almost identical singler bonds. An alternative state where The sp?-hybridized nitrogen atoms in contrast develop pla-
one of the lone-pair electrons is captured to turn an existingiar geometries with twar-single (~1.45-A long and one
single bond at the N site into a full and shortenediouble  shorterm-double bond~1.30-A long to their neighbors.
bond leaving an electron behind, which needs to migrate to a Figure 3 shows the respective local electronic DOS at
localized deep state at the Fermi level seems to be less likelyorresponding representative atoms, again for the model with
to exist. Note the small peak in Fig. 2 for tis@®>"™ case 6 at.% nitrogen inside. The LDOS of thep?-hybridized
that indicates an already existing unoccupied state wititrogen atom shows a pronounced =* state that arises

FIG. 2. Local geometry and LDOS split in®(dotted and p
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N-sp? L 0.02 (N-content)
Er /\J\/\
. (0.0 %)
‘ -0.01 £ ’
2
®
s
0.00 > - /\”‘“/\ (3.0 %)
Q =
L0.02 = g
R (5.9 %)
=]
L %
r0.01 a E'
3 (7.2 %)
5
P 0.00 o
—20.0 -—10.0 0.0 10.0 =
Energy [eV] g (8.6 %)
A avd
FIG. 3. Local geometry and LDOS for representative nitrogen
atoms in configurations with potential for doping, notations as in (9.9 %)
Fig. 2. Note, the obvious shift of the Fermi energy towardstie /\\,m/
band in thesp?-hybridized case.
. L (111 %)
from the =-double bond nearby. The Fermi energy is shifted /J\f\,\//
a little towards the unoccupied* bands. This is the desired ,

effect for a true donor state near this band edge. The extr: —20.0 —10.0 0.0 10.0

electron injected may naively be expected to be still local- Energy ¢ — ep [H]

ized ngar the N site. A participation analysis of the highest FIG. 4. Total electronic densities of stai@Q0OS) of a-CN mod-
occ;l:lp!ed(HOMO) orbitals reveals, however, that the HO' els vsN content. Curves are referenced with respect to the Fermi
MO's in all of our models are largely due type atomic  gnergieqdotted ling. Note a slight change of the symmetry of the
orbitals localized at single carbon atoms. These carbon spgands close to the Fermi level with increasing content.

cies are insp®*® configurations and contribute with about

50% to the highest molecular orbitals. This is the same un- . ) )
fortunate situation found in the previous studies and due t§'S: Which appear below this conduction-band state are all

the migration of charge away from the nitrogen impurities'eSS than 0.7 eV 'pr|cally around 0.3 eV. We, therefore, con-
into localized carbon states, which without dopants would®lude, that hopping transport may be promoted already at
not be occupied. room temperature. ' . '

True doping behavior could still be obtained if the lowest _POSt substitution of nitrogen into & bonded Csp? site
unoccupied molecular orbitalkUMO’s) were delocalized ©Of an existingta-C model resulted in an fairly unfavorable N
conduction bands. However, control over doping would béncorporatlorﬁ In f_uII contrast, we find in th!s study that the
limited due to disorder induced fluctuations of the energy ofTbondedsp?-N sites are by far the most likely local struc-
the carbon levels trapping the injected charges. We find bydre for nitrogen atoms in an amorphous carbon host matrix.
the same partizipation analysis that the LUMO's are largelyAbout 50% of the nitrogen atoms incorporated situ by
due to a few carbon atoms almost equally contributing tdnolecu[ar dynamics prefer this bonding cqnf|gurat|on. Mo_re—
these states. Associated atom configurations typically includ@Ver. this local structure has good potential for true doping.
isolated strained carbon-carbanbonds and nonbonded de- This has been shown recently in a theoretical study of nitro-
fects, again localized at single carbon atoms. The LUMO'sgen doping in hypothetical purelgp’-bonded crystalline
in our models do, therefore, not have any appreciable deldforms of carborf? In these structures all carbom states
calized character. result from equivalentr bonds, which loosely interact such

We also analyzed the next states below and above théat thew* bands are flat and above the impurity level. In
Fermi energy in detail for the model with 6 at. % nitrogen. contrast to the situation in these allotropes, the electron lev-
We find in this particular case that the sixth molecular orbitalels in the amorphous models associated with impurities be-
above the Fermi level is the first showing significant contri-come emptied since carbar* states in the disordered host
butions from numerous atoms throughout the supercell inmaterial can lie below the desired doping levels. The broad-
cluding a few nitrogen atoms. It is difficult to obtain the true ening of the#* bands due to the disorder in the material
location of this level with respect to the Fermi energy givendeactivates the nitrogen impurities.
uncertainties of a minimal basis set approach when describ- For the remainings p*-hybridized nitrogen sites the dop-
ing unoccupied orbitals. We estimate this difference to beang efficiency has already been analyzed in the decoration
about 1.6 eV, which is far beyond any useful shallow dopingstudies. It has been detected to be extremely limited since the
situation. Doping in the classical sense is, therefore, unlikelynjected electrons migrate to remoteclusters, too, causing
to occur. The energy differences between the localized levstructural rearrangements and leaving the electrons in lower-
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lying =#* states moving towards midgap upon strain We found two types of nondoping nitrogen impurities,
relaxation® which both are characterized by the formation of electroni-
Finally, we present the total electronic densities of statesally saturated lone-pairs orbitals. In this case, the impurity
for the models with low- and moderate-doping concentratioriends itself to become deactivated.
in Fig. 4. Note, that the height of peaks associated with the The two local nitrogen configurations that potentially
bonding = and the antibondings* bands near the Fermi could be useful in connection with doping are the fourfold
level is not significantly increased when the nitrogen contentoordinated sp®-hybrid and a threefold-coordinated
rises. Therefore, the observed enhancement bbnding in  sp?-hybrid geometry with one additionat bond to a carbon
the network is essentially covered by disorder-inducecheighbor, which was previously discarded based on the en-
broadening of the associated bands. This results in thergetics in post substitution of existing-C models. In con-
shrinkage of the HOMO-LUMO-gaps when the nitrogentrast, based on the present study such a threefold nitrogen
content increases and explains the frequent deactivation @fpurity appears to exist with overwhelming majority.
possible dopant sites by charge migration into the band tails. Associated local configurations satisfy four of the nitro-
The change of the symmetry of bands near the Fermi energyen electrons by creation of foursingle (sp° case or two
suggests a slight shift of this level towards the unoccupiedr-single and oner-double bond $p? caseé to the carbon
7* states when the nitrogen content goes up. Consideringeighbors. The remaining nitrogen electron easily migrates
the uncertainties of the minimal basis set approach in whiclaway from the impurity to either a localized carbon defect
unoccupied bands usually are moved to higher energies thishere it is trapped or to a carbart® state deeper in the gap
effect in reality may be more pronounced than can be inthan the nitrogen donor level. Long tails of the® bands,
ferred from Fig. 4. Therefore, our models do not contradicthence, overlap with the potential donor states such that they

experimentst where such a shift has been detected. become deactivated.
As the consequence, depending on the actual position of
V. CONCLUSIONS the classical doping level a considerable amount of the elec-

) ] ) _. trons injected by nitrogen are donated into remote caron

Small and moderate concentrations of nitrogen impuritieg,siers. The rest stabilizes the nondoping configurations by
have been studied in amorphous carbon models with a deyjing |one-pair orbitals. As a matter of fact the extra charges
sity typical for the tetrahedrally bonded form of this disor- 516 always donated into energetically lower-lying states in all
dered materia(ta-C). The simulations have been performed ¢ our models.
entirely byin situincorporation of the dopants into structures  The Fermi energy appears to undergo a slight shift to-
evolving from a high-temperature phase by simulatedyyards the conduction bands with increasing nitrogen content
annealing within molecular dynamics employing the density+, ¢ this must be attributed to the structural changes in the
functional-based tight-binding method to calculate the inter{etwork rather than to true-type doping.
atomic forces. A careful analysis of the molecular orbitals near the Fermi

We find that nitrogen remarkably enhances theonded  gnergy shows that these states are primarily superposed by
subnetwork of the models and S|multan3equsly causes thgrongly localized orbitals of carbon atoms supporting the
fraction of carbon atoms in a tetrahedsgt™-like local ge-  gyerall picture. The energy differences between these states
ometry to decrease. This is not only the case for very larggpport the picture that transport appears to be only possible

hitrogen concentrations> 11 at. % as observed previously py variable range hopping, which may be activated already
but also true for lower impurity contents. at room temperature.

This process counteracts the desirable doping properties
of tetrahedrally bonded high-density amorphous carbon and
limits its potential for electronic applications.

Nitrogen atoms in the annealed structures favor a com- We gratefully acknowledge support from the Deutsche
plete surrounding by carbon and can be found almost isoerForschungsgemeinschaft and the trinational D-A-CH coop-
ergetically in both nondoping and potential doping sites.  eration.
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